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Abstract  Improving the nutritional quality and health benefits of food has been of increasing 17 
interest globally over the last decade. Staple cereal foods are the major sources of dietary fiber 18 
and a recent study identified the Chinese wheat cultivar Yumai-34 as having unusually high 19 
levels of water-extractable arabinoxylan (WE-AX) and total arabinoxylan (TOT-AX) in flour. 20 
Crosses were therefore made between this variety and three Central European varieties 21 
(Lupus, Mv-Mambo, Ukrainka) and the physical properties (test weight, thousand-kernel 22 
weight, flour yield, kernel hardness), composition (protein, gluten, WEAX, total AX) and 23 
processing quality (gluten index, Zeleny sedimentation, Farinograph parameters) of the grain 24 
were compared for thirty-one breeding lines (F7-F9) and the four parents in a three-year field 25 
experiment (2013-2015). Increases of 0.5% in the WE-AX content and 1% in the content of 26 
total AX content of the flour were achieved, with an improvement in dough properties. The 27 
thousand-kernel weight, protein content, gluten content, Zeleny sedimentation and water 28 
absorption of the flour also increased in many lines, while three of the lines had yields that 29 
were competitive with the official control varieties, making them suitable for registration. 30 
 31 
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 50 
Introduction 51 
 52 
Since the second half of the 20th century the most important aim of wheat breeders has been to 53 
increase grain yield. However, during the 1970s and 1980s improvements in grain processing 54 
quality also gained in importance, while in the past 10-15 years the demand for improved 55 
nutritional quality and health benefits has also been recognised by breeders. In particular, 56 
there is increasing interest in developing new types of wheat with higher contents of 57 
beneficial components (notably dietary fiber, and micronutrients) in the endosperm and/or the 58 
whole grain.  59 
 60 
The mature wheat (Triticum aestivum) grain consists of 75-80% (w/w) carbohydrate, 9-14% 61 
protein, 1-2% lipids and 1.5-3% ash. Between 75% and 80% of the carbohydrate is starch, 62 
with 7% low molecular weight carbohydrates (mono-, di- and oligosaccharides, fructans) and 63 
12% cell-wall polysaccharides. The cell-wall polysaccharides are the major dietary fiber 64 
components, but fructans and resistant starch may also contribute. However, the grain consists 65 
of several tissues that differ in composition and can be separated, to varying extents, by 66 
milling. The major tissue is the starchy endosperm, which accounts for over 80% of the grain. 67 
It contains gluten storage proteins, but is low in non-starch polysaccharides (about 2-3%), 68 
minerals, vitamins and phytochemicals. The starchy endosperm is surrounded by a single 69 
layer of thick-walled endosperm cells called the aleurone, which accounts for 6-7% of the 70 
grain and comprises about 34 to 40% fiber with high contents of minerals, vitamins and 71 
phytochemicals, covered by several protective layers of maternal origin (notably the pericarp 72 
and testa), which account for about 8% of the grain and comprise up to 50% fiber. These 73 
layers, together with the aleurone, form the bran fraction on milling, with the starchy 74 
endosperm forming white flour. Finally, the embryo (germ) accounts for less than 5% of the 75 
grain and is rich in protein, minerals, vitamins and phytochemicals, and is usually recovered 76 
in the bran fraction on milling. 77 
 78 
Wheat and other cereals are major sources of dietary fiber (DF) in the human diet (Steer et al. 79 
2008). The major DF components in wheat grain are the cell-wall polysaccharides, 80 
arabinoxylan (AX) and (1-3)(1-4)-β-D-glucan (β-glucan), which account for about 70% and 81 
20%, respectively, of the total cell wall polysaccharides in the starchy endosperm (and hence 82 
in white flour) (Mares and Stone 1973). DF can be fractionated on the basis of its solubility 83 
into soluble and insoluble forms, with consumption of insoluble DF resulting in lower transit 84 
time in the bowel and increasing fecal bulk, defecation frequency, and binding of carcinogens, 85 
whereas soluble fiber results in reduced serum cholesterol and glucose absorption in the small 86 
intestine and consequently lower postpandrial blood insulin levels (Moore et al. 1998; Lewis 87 
and Heaton 1999). Attenuation of blood cholesterol is related to reduced risk of developing 88 
coronary heart disease, whereas attenuation of blood glucose is related to reduced risk of type 89 
II diabetes. Apart from its health benefits DF also affects wheat functionality during cereal 90 
processing; for example, during breadmaking (Courtin and Delcour 2002) and gluten-starch 91 
separation (Frederix et al. 2004; Van Der Borght et al. 2005). Significant correlations have 92 
been observed between the contents of DF and environmental factors (Shewry et al. 2010). 93 
Gebruers et al. (2010) found that genotype determined about 50% or more of the variation 94 
observed in total (TOT)-AX and water-extractable (WE)-AX in wheat flour, WE-AX in bran 95 
and β-glucan in wheat wholemeal, whereas the impact of genotype x environment (GxE) 96 
interactions was relatively low. DF content of wheat is therefore highly heritable, and hence 97 
an appropriate target for plant breeding (Shewry et al. 2010). 98 
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 99 
Although no breeding programs aimed at increasing AX have been reported in the scientific 100 
literature, several mapping populations have been developed to determine the genetic control 101 
of AX. The first population reported was a doubled haploid (DH) population derived from an 102 
intraspecific cross between Courtot and Chinese Spring, which was developed at the INRA 103 
plant breeding station at Clermont Ferrand (France). Cadalen et al. (1997) mapped 106 lines 104 
of this cross using restriction fragment length polymorphism (RFLP) probes. The second 105 
population (Leroy et al. 1997) consisted of 115 single-seed-descent (SSD) F7 lines derived 106 
from a cross between a synthetic amphiploid wheat W7984 (Synthetic) and a hard red spring 107 
wheat (Opata 85). These two mapping populations were used for genetic studies on the water-108 
extractable arabinoxylan content of flour using relative viscosity (RV) of aqueous extracts of 109 
wholemeal as a measure, although the RV of the parental lines did not differ greatly (1.8 v 1.9 110 
in Courtot/Chinese Spring and 1.5 v 2 in Synthetic/Opata85) (Martinant et al. 1998). Later, 111 
Charmet et al. (2009) carried out a forward quantitative genetic approach using two 112 
recombinant populations derived from crosses between low WE-AX and high WE-AX-113 
parents. The French elite lines R6 and C7 (RE0006 and CF0007 DH lines) and the contrasting 114 
cultivars Valoris and Isengrain were used to develop two populations consisting of 125 and 115 
280 doubled haploid (DH) lines, respectively, R6 and Valoris having low viscosity compared 116 
to C7 and Isengrain (with values of 1.2, 1.29 and 4.14, 3.19, respectively) (Quraishi et al. 117 
2011). 118 
 119 
Other conventional breeding efforts also targeted the improvement of dietary fiber content in 120 
wheat, but these were related to wheat components other than arabinoxylan. For example, 121 
high-amylose wheat genotypes were developed by combining mutations at the SGP-1 locus in 122 
order to increase the resistant starch content of flour (Rakszegi et al. 2015), and triple SGP-1 123 
mutant wheat lines (SGP-A1B1D1 null) were tested in the F3, F4, and F5 generations. The 124 
HvCslF6 gene from chromosome 7H of barley cv. Manasz was also transferred to wheat in 125 
order to increase the β-glucan level in the grain (Cseh et al. 2011). However, such improved 126 
lines have still not been released by commercially.  127 
 128 
The simplest, most widely used method to increase the fiber content of white bread is to 129 
incorporate the bran fraction into flour (Bagdi et al. 2016; Bucsella et al. 2016). Previous 130 
studies, however, showed that the addition of fiber-rich fractions to wheat flour increased 131 
dough stiffness or stickiness. The bread baked from this type of flour had reduced loaf volume 132 
with denser, less aerated structure, and darker, harder crumb with no crispiness, so it was not 133 
popular with consumers (Ktenioudaki and Gallagher 2012; Sivam et al. 2010; Schmiele et al. 134 
2012). These products were dark in color and the taste was bitter or astringent, due to the 135 
presence of other components, such as phenolic compounds, amino acids, small peptides, 136 
fatty acids and sugars (Heiniö et al. 2016; Rakha 2013). 137 
 138 
The main aim of this work was therefore to develop improved types of wheat rich in dietary 139 
fiber, focusing on white flour, as this is preferred by the majority of consumers rather than 140 
wholemeal. A series of such lines was developed and the composition and physical and 141 
processing properties of the grain were determined. 142 
 143 
Materials and methods 144 
 145 
Plant materials 146 
 147 
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The Chinese wheat cultivar Yumai-34 (released in 1988) was identified in the EU FP6 148 
HEALTHGRAIN project as having high contents of both TOT-AX and WE-AX in white 149 
flour (Gebruers et al. 2008). In order to combine this high AX content with adaptation to 150 
European conditions and good breadmaking quality, crosses were made between Yumai 34 151 
and three wheat varieties (Lupus, Mv-Mambo, and Ukrainka) with good adaptation traits 152 
under European environmental conditions: optimal plant growth development, good abiotic 153 
stress resistance (winter hardiness, sprouting resistance) and high productivity. Spikes from 154 
the F2 segregating populations were planted in F3 headrows. The plants were then selected for 155 
agronomic traits and high contents of water-extractable (WE) pentosans in flour (as a measure 156 
of AX) in each generation. After several cycles of selection 31 lines (12 Lupus/Yumai-34, 157 
three Mv-Mambo/Yumai-34, and 16 Ukrainka/Yumai-34) with higher than average contents 158 
of WE-pentosan and good agronomic properties were analysed in detail in the F7, F8 and F9 159 
generations (2013-2015), with the parental wheat varieties (Yumai-34, Lupus, Mv-Mambo, 160 
and Ukrainka) as controls. 161 
 162 
Growing conditions 163 
 164 
The lines were grown at the Agricultural Institute, Centre for Agricultural Research, 165 
Hungarian Academy of Sciences, Martonvásár (latitude, 47o 21’ N; longitude, 18o 49’ E; 166 
altitude, 150 m) in 2012, 2013, and 2014. The plots were 2.5 m long with six rows spaced at 167 
20 cm. In the third year of the experiment the performance of the lines was compared in a 168 
field experiment with 6 m long plots organised in a randomised complete block design with 169 
three replicates. The soil was a chernozem with loam texture and pH 7.25. The previous crops 170 
were oilseed rape (2011/2012) and oil radish (2012/2013 and 2013/2014). The plots were 171 
treated with herbicide (4 L/ha U-46 D-fluid SL containing 500 g/L 2-methyl-4-172 
chlorophenoxyacetic acid; 40 g/ha Granstar 50 SX containing 50% tribenuron methyl), 173 
insecticide (0.2 L/ha Karate Zeon 5CS containing 50 g/L λ-cihalotrin), and fungicide (first: 1 174 
L/ha Amistar Extra containing 200 g/L azoxistrobin and 80 g/L ciprokonazol, second: 1 L/ha 175 
Cherokee containing 50 g/L ciprokonazol, 62 g/L propiconazol and 375 g/L cloretalonil) each 176 
year. The growing conditions in the years of the experiment are summarised in 177 
Supplementary Table 1, showing that 2011/2012 had a very hot, dry summer with a very low 178 
minimum temperature in winter, while 2013/2014 had mild temperatures with high 179 
precipitation before harvest.  180 
 181 
Physical grain properties 182 
 183 
The test weight (TW, g seed/100 liter) (Foss Tecator 1241), thousand-kernel weight (TKW, 184 
g/1000 kernels) (MSZ 6367/4-86, Budapest: Hungarian Standards Institution), and hardness 185 
index (HI) (AACC method 55-31, Perten SKCS 4100) of the seeds were measured. 186 
 187 
Grain composition 188 
 189 
Five hundred g of seeds per sample were conditioned to 15.5% moisture content and milled 190 
with a Chopin CD1 Laboratory Mill to produce white flour. Crude protein content was 191 
determined by the Kjeldahl method, consistent with ICC method 105/2 (1995) using a FOSS 192 
Kjeltec 1035 Analyzer. Gluten content was measured with a Perten Glutomatic 2200 (ICC 193 
137/1, 1995). In order to select lines with high AX, the contents of TOT- and WE-pentosans 194 
were determined using a colorimetric method as described by Douglas (1981). AX was also 195 
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determined in each generation at Budapest University of Technology and Economics (BUTE) 196 
by GC of monosaccharides as described by Gebruers et al. (2009). 197 
 198 
Dough properties 199 
 200 
Dough properties (water absorption, dough development time, dough stability and dough 201 
softening) were measured with a Brabender Farinograph according to the ICC 115/1 standard 202 
(1995) method. Gluten index was calculated according to the ICC 155 standard (1995), while 203 
the Zeleny sedimentation, related to loaf volume, was measured with the ICC 116/1 method 204 
(1997) using the SediCom System (developed at BUTE and produced by LabIntern Ltd, 205 
Hungary, Tömösközi et al. 2009). 206 
 207 
Statistical analyses 208 
 209 
Least significant differences and correlations were calculated using the Microsoft Excel 210 
program. Principal Component Analysis was carried out using Statistica 6.0. Yield 211 
performances of the varieties were compared by two-factor ANOVA and pairwise 212 
comparisons with linear mixed model analysis in the Statistica 6.0 software. 213 
 214 
Results 215 
 216 
The physical, compositional, and processing properties of 31 agronomically attractive lines 217 
selected as combining high TOT- and WE-AX in flour were studied by field trials on the F7, 218 
F8, and F9 generation lines (2013-2015).  219 
 220 
Physical properties 221 
 222 
Test weights (TW) of the lines ranged from 70.45 to 82.97 g/100 L, whereas the lowest and 223 
highest values of the controls were 76.93 (Yumai-34) and 82.07 g/100 L (Lupus). 224 
Lupus/Yumai-34 (LU/YU_4) and Ukrainka/Yumai-34 (UK/YU_15) lines had the highest test 225 
weights (80.17, 82.97 g/100 L, respectively), while the Ukrainka/Yumai-34 (UK/YU_1, 6, 7) 226 
lines had the lowest (70.45, 71.83, and 71.67 g/100 L, respectively) values (Fig. 1a).  227 
Thousand-kernel weights (TKW) of the lines ranged from 35.36 to 57.39 g. This was much 228 
greater than the range of the controls, which was from 41.15 to 49.91 g, with Ukrainka having 229 
the lowest and Yumai-34 the highest value. Two of the Mv-Mambo/Yumai-34 (MA/YU_2, 3) 230 
lines had higher TKWs than Yumai-34, whereas nine lines had similar TKWs to Yumai-34 231 
(Fig. 1b). Flour yields varied from 50.03 to 61.50% compared with about 60% for the controls 232 
and were positively correlated with TKW (r5%=0.341, Fig. 1c). All of the parental lines and the 233 
breeding lines had hard kernel texture, with the hardness index showing a strong negative 234 
correlation with flour yield (r0.1%= -0.69) (Table 1).  235 
 236 
Grain composition 237 
 238 
Most of the breeding lines contained similar or significantly higher protein contents than the 239 
three European parents. The protein contents of the breeding lines ranged from 10.7 to 16.2%, 240 
whereas the controls had about 12% protein and Yumai-34 had the highest protein content 241 
(14.5%). Breeding lines derived from crosses with Lupus had the highest protein contents 242 
(LU/YU_12,10,9,8) (Fig. 2a).  243 
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The gluten contents of the breeding lines showed similar variation to total protein content, 244 
varying from 23.90 to 38.47%. The two components were highly correlated (r5%=0.931). This 245 
wide variation probably resulted from differences in gluten contents of the parental varieties, 246 
with Ukrainka having the lowest (24.97%) and Yumai-34 (36.27%) the highest values. The 247 
best breeding lines (LU/YU_8,9,10,12) had the highest contents of gluten as well as total 248 
protein and would therefore be expected to have the best breadmaking quality (Fig. 2b). 249 
The starch contents of the breeding lines ranged from 54.8 to 61.5% (Fig. 2c) and were 250 
negatively correlated with total protein and gluten contents (-0.502 and -0.527, respectively). 251 
This was in the same range as the control lines, which contained 56.6-59% starch with 252 
Yumai-34 having the lowest value.  253 
The main aim of the selection was to identify lines with high stable contents of AX, and 254 
particularly WE-AX, in white flour (determined as pentosans using a colorimetric method in 255 
the F3 to F9 generations). Consequently, most of the selected lines had increased levels of AX 256 
compared to the three control cultivars (Lupus, Mv-Mambo, Ukrainka). The TOT-AX 257 
contents of the selected lines ranged from 15.44 to 23.67 mg/g, with ten lines (five 258 
Ukrainka/Yumai-34, and five Lupus/Yumai-34) having significantly higher TOT-AX contents 259 
than Yumai-34, and most of the other lines having higher TOT-AX contents than the parental 260 
controls (Fig. 2d). WE-AX content was lowest in Ukrainka (5.43 mg/g) with Yumai-34 261 
containing almost twice as much (9.47 mg/g). The WE-AX content in the breeding lines 262 
ranged from 7.41 mg/g (similar to the contents in Lupus and Mv-Mambo) to 10.24 mg/g 263 
(higher than in Yumai 34), with twenty-seven lines having WE-AX contents greater than 8 264 
mg/g (Fig. 2e). 265 
In years 2 and 3 (F8 and F9 generations) AX was also determined as monosaccharides with 266 
GC, which gave values similar to or slightly lower than those determined as pentosans (Fig. 267 
3a, b). This was expected, because the spectrophotometric method measures total pentosans, 268 
which include a small proportion of other pentose-containing polysaccharides such as 269 
arabinogalactan peptide (AGP). The monosaccharide analyses also allowed the 270 
arabinose:xylose (A:X) ratios of TOT-AX and WE-AX to be calculated; these were in the 271 
ranges 0.525-0.845 and 0.550-0.760, respectively, in the breeding lines (Yumai-34 having 272 
A:X ratios of 0.685 and 0.670 in TOT-AX and WE-AX, respectively) (Fig. 3c).  273 
 274 
Processing properties 275 
 276 
The high protein and gluten contents of some of the breeding lines indicated that they could 277 
have good breadmaking properties. However, limited variation was observed in the gluten 278 
index (GI) of the lines (Fig. 4a), with most having GI values above 80 (except MA/YU1-3). 279 
Wider variation was found for Zeleny sedimentation (24.33 - 47.67 ml) (Fig. 4b) most lines 280 
having values of 35 ml or greater, which were similar to, or significantly higher than, those of 281 
the control varieties. 282 
The stability of the dough during mixing, measured with the Farinograph, ranged between 283 
6.26 and 18.47 minutes, showing that they had good rheological properties. The MA/YU lines 284 
had the lowest dough stabilities, significantly below that of the Mv-Mambo control, while the 285 
UK/YU lines had the highest dough stabilities (from 10.46 to 18.30 min) (Fig. 4c). 286 
Farinograph dough softening was low and there were no significant differences between 287 
samples, except for those lines having the highest dough softening, namely, Mv-Mambo lines 288 
3 (57.33 FU) and 2, Lupus lines 3 and 5 and Ukrainka lines 15 and 11. The lowest softening 289 
value was 8.33 FU in Lupus line 2 (Fig. 4d). Farinograph dough development time in most of 290 
the lines was greater than ten minutes, with the curve increasing steadily until reaching the 291 
maximum value, indicating high dough stability. The Mv Mambo lines (MA/YU) had the 292 
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shortest dough development time (4.23 min), and the Lupus lines the longest (20 min) (Fig. 293 
4e). Farinograph water absorption (WA) of the lines ranged from 56.7 to 65.7%, with most of 294 
the lines having values greater than 60%. This high WA could be related to the higher fiber 295 
content of the flour, as arabinoxylan has a higher water absorption capacity than the other 296 
major grain components (gluten proteins and starch) (Kweon et al. 2011). Hence the water 297 
absorption of Yumai-34 was 62.95% while that of Ukrainka, which has only half the AX 298 
content, was 58.23% (Fig. 4f). 299 
 300 
Principal component analysis (PCA) 301 
 302 
PCA was carried out to compare the lines based on multiple traits (Fig. 5). PCs 1 and 2 303 
together accounted for 54.8% of the total cumulative variance. PC1 accounted for 31.51% of 304 
the total cumulative variance, with starch content having a positive effect and Zeleny 305 
sedimentation, TOT-AX content, and protein content negative effects; PC2 accounted for 306 
23.29% of the total cumulative variance with TKW and GI having positive and negative 307 
effects, respectively. The analysis showed that higher protein content was associated with 308 
higher TOT-AX and WA, but lower starch content. Higher TKW was associated with lower 309 
GI and dough stability. Lines originating from crosses with Mv-Mambo had the highest TKW 310 
but the lowest quality, while Ukrainka lines had the best quality combined with high AX. 311 
 312 
Correlations between parameters 313 
 314 
Correlation analysis showed that TOT-AX was positively correlated with WA (0.48), gluten 315 
content (0.37) and WE-AX content (0.59) and negatively correlated with starch content (-316 
0.54) flour yield (-0.46) and TW (-0.53) (Table 1). WE-AX was negatively correlated with 317 
flour yield (-0.40) and starch damage (-0.50). The protein and gluten contents of the flour 318 
were also correlated positively with WA (0.85 and 0.88, respectively), as both components 319 
contribute to WA. The contents of protein and gluten also correlated negatively with dough 320 
stability (-0.38 and -0.48, respectively), lines with extremely high protein and gluten contents 321 
having weaker dough properties. Interestingly, starch content correlated negatively with WA 322 
of the flour (-0.59). Starch damage (0.485), water absorption (0.621), and flour yield (-0.690) 323 
were all positively correlated with grain hardness, whereas ash content was positively 324 
correlated with water absorption (0.367) and negatively correlated with flour yield (-0.522) 325 
and starch content (-0.440).  326 
 327 
Yield analysis 328 
 329 
The 14 agronomically most promising lines (MA/YU_1, LU/YU_4-8, 10-11, 330 
UK/YU_3,4,6,7,8,15) were sown in three replications in a randomised complete block design 331 
in 2015 to determine yield performance compared to official Hungarian controls (Mv-Nádor, 332 
Mv-Lucilla, and Mulan) and to the parental lines. Two-factor ANOVA analysis and pairwise 333 
comparisons using linear mixed models showed that the yields of UK/YU_3,4 and MA/YU_1 334 
were similar to those of the official controls, indicating that they are the most promising 335 
breeding lines. The UK/YU_8,15 and LU/YU_11 lines were also statistically similar to all the 336 
controls in pairwise comparisons (Supplementary Table 2), but had significantly lower yields 337 
than the official controls. Grain yield was not related to TOT-AX or WE-AX contents, but 338 
was negatively correlated with protein and gluten contents and with water absorption (-0.626, 339 
-0.609, -0.560, respectively) and positively correlated with the flour yield and starch content 340 
(0.613, 0.434) (Table 1).  341 
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 342 
DISCUSSION 343 
 344 
All of the selected lines had significantly higher WE-AX contents than the corresponding 345 
control genotypes (except for three lines). The increase in WE-AX content was greatest in the 346 
genetic background of Ukrainka, as this variety had the lowest WE-AX content among the 347 
parental wheat genotypes (Lupus, Mambo, Ukrainka). However, the Lupus lines had the 348 
highest absolute contents of WE-AX. Although the increased WE-AX content was expected 349 
to have the greatest effect on the technological properties of the dough, the situation was more 350 
complex. 351 
 352 
Previous studies showed that the addition of fiber-rich fractions to wheat flour increased WA 353 
and dough development time, while dough stability and elasticity decreased and the dough 354 
was often stiff or sticky. Bread baked from this type of flour had reduced loaf volume with a 355 
denser, less aerated structure, darker, harder crumb and lack of crispiness (Ktenioudaki and 356 
Gallagher 2012, Sivam et al. 2010, Schmiele et al. 2012). These effects may have resulted 357 
from competition between the gluten and fiber for water, or by interactions between protein 358 
and fiber through ferulic acid (Bagdi et al. 2016; Bucsella et al. 2016; Noort et al. 2010). 359 
 360 
WA was highest in Lupus/Yumai-34 lines 8,9,10 and 12, and probably resulted from the high 361 
contents of TOT-AX and protein in lines 8,9 and 10 and of protein only in line 12. The lowest 362 
WA was in Ukrainka/Yumai-34 lines 6,7,14 and 15. Although the TOT-AX and WE-AX 363 
contents of these lines were significantly higher than that of the Ukrainka control they had the 364 
lowest protein contents. This low protein content may have accounted for their low WA, 365 
although the water-holding capacity of AX was five- to ten-fold higher than those of protein 366 
and starch (10, 2, 1 g/g, respectively) according to Wang et al. (2002). Consequently, AX 367 
affected the availability of the water to other dough components (Goesaert et al. 2005; 368 
Izydorczyk and Rattan 1995) and hence dough and bread quality.  369 
 370 
Grain hardness determines starch damage during milling and has been used for decades in 371 
wheat breeding to select for higher WA. WA can also be increased by exploiting the water 372 
binding potential of soluble protein and pentosan components. Supplementing wheat flour 373 
with soluble proteins of different origins and polarities showed that polarity/hydrophobicity 374 
and charge distribution of albumins and globulins are the key features determining the amount 375 
of water required for hydration (Tömösközi et al. 2002). Pentosans form only small fraction 376 
of the flour (2-3%) but are able to bind ten times their own weight of water and consequently 377 
may hold a quarter of the dough water (Kulp 1968). Similarly, it was shown that AX had a 378 
major effect on WA (Biliaderis et al. 1995; Courtin and Delcour 1998), with the high water-379 
holding capacity of cross-linked AX polymers (obtained via oxidative coupling of feruloyl 380 
residues), affecting the distribution of moisture among dough constituents (Izydorczyk and 381 
Biliaderis 1992; Wang et al. 2003) and the rheological properties of the dough. Furthermore, 382 
AX reduces the availability of ‘free’ water in the dough that is available to hydrate starch and 383 
protein components, and to keep water soluble proteins fully in solution. The latter limits the 384 
ability of water-soluble proteins to form the thin liquid films required to stabilise the foam-385 
like structure and the gas-holding capacity of the dough (Hoseney 1984; Salt et al. 2005).  386 
 387 
The dough development times of most of the breeding lines did not differ significantly from 388 
those of the low AX wheat parents, although a decrease was observed in some lines (which 389 
may be of interest to the processing industry). The dough stability was also similar to, or 390 
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below, those of the controls, whereas dough softening showed the opposite trend, with similar 391 
or increased values compared to the controls. The Lupus/Yumai-34 6 and Ukrainka/Yumai-34 392 
9 and 14 lines had the most stable and strongest dough with the lowest dough softening. These 393 
lines also have high gluten index, confirming that they have high dough strength and therefore 394 
would be expected to have good breadmaking quality.  395 
 396 
Zeleny sedimentation showed that four Lupus/Yumai-34 lines (8,9,10,12) combining high 397 
protein and TOT-AX contents also had the highest Zeleny sedimentation and therefore the 398 
highest expected loaf volume. Most of the other lines had similar expected loaf volumes to the 399 
control parents, except two of the Mv-Mambo lines (Mambo/Yumai-34 1 and 3) that had 400 
significantly higher Zeleny values than the Mv-Mambo parent.  401 
 402 
Differences have been reported in the effects of water-extractable and unextractable AX on 403 
dough quality. Adding moderate amounts of WE-AX to white flour increased the water 404 
absorption, dough development time and loaf volume (up to 1.3, 1.3 and 0.9% added WE-AX, 405 
respectively). However, addition of a higher amount of WE-AX decreased loaf volume and 406 
quality (Biliaderis et al. 1995). In our lines, increases in WE-AX content of flour by up to 407 
0.5% and of TOT-AX by up to 1.0% resulted in positive changes in dough quality.  408 
 409 
The improved processing quality of the high AX lines may have been due to the increased 410 
WE-AX fraction, which would be expected to increase the viscosity of the water located 411 
between the gluten molecules and the gas cells in dough. The high viscosity conferred by 412 
WE-AX may add strength and elasticity to films around the gas cells, protecting them from 413 
coalescence resulting from mechanical and thermal disruption and thereby improving gas 414 
retention during mixing, proofing and baking and leading to higher loaf volume and improved 415 
crumb structure (Courtin and Delcour 2002, Goesaert et al. 2005). By contrast, insoluble AX 416 
enhances gas cell coalescence and decreases gas retention time, leading to poorer bread 417 
quality (Courtin and Delcour 2002, Goesaert et al. 2005).  418 
 419 
The optimum amount of AX that is required to maintain breadmaking quality while 420 
improving the dietary fiber content of cereal products depends on several factors, the 421 
molecular weight of AX, arabinose:xylose ratio, particle size of the fiber, ferulic acid content, 422 
and protein content all being important determinants of processing quality (Morales-Ortega et 423 
al. 2013). The arabinose:xylose (A:X) ratio is determined by substitution of xylopyranosyl 424 
residues (Ordaz-Ortiz and Saulnier 2005), with a higher A:X value reflecting higher 425 
substitution and higher molecular weight. The arabinose:xylose ratio of WE-AX in most of 426 
the lines was similar to that of Yumai-34, whereas the A:X ratio of TOT-AX was significantly 427 
lower in several lines than in Yumai-34. This indicates that the degree of substitution and 428 
molecular weight of WU-AX is lower in these lines, having a greater effect on end-use 429 
quality.  430 
 431 
Biliaderis et al. (1995) and Courtin and Delcour (1998) reported that high molecular weight 432 
(HMW) AX had greater effects on water absorption and dough development time than lower 433 
molecular weight WE-AX. Although a lower amount of HMW AX polymer reduces negative 434 
effects on processing properties and breadmaking quality, the ability of AX to form highly 435 
viscous solutions decreases (Buksa et al. 2016). By contrast, the lower molecular weight (2-20 436 
kDa) and lower substitution number (0.5-0.6) of WE-AX compared with soluble AX (100-437 
120 kDa or 300-600 kDa, 0.3-1.1) (Saulnier et al. 2007) results in less negative effects on 438 
quality.  439 
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 440 
Although the fiber content of white bread can be increased by the addition of exogenous fiber, 441 
the simplest and most widely used way to increase fiber is by incorporating part or all of the 442 
bran fraction. However, wholemeal and bran-enriched breads often have low loaf volume 443 
with dense crumb structure, dark color and bitter or astringent taste. These products therefore 444 
pose challenges for the baker and have low consumer acceptability. However, these negative 445 
effects do not result from the fiber components themselves but from other components in the 446 
bran, notably phenolic compounds, amino acids, small peptides, fatty acids and sugars 447 
(Heiniö et al. 2016, Rakha 2013). The development of wheat with high fiber in white flour 448 
will therefore combine health benefits with good processing properties and high consumer 449 
acceptability. 450 
 451 
The aim was thus to increase the AX content of white flour, avoiding the need to incorporate 452 
bran. The negative correlation between flour yield and TOT-AX in white flour indicates that 453 
this was achieved and that the increased AX content was not due to contamination with bran 454 
during milling, and this is supported by the low ash content of the flours (between 0.05 and 455 
0.6% with a mean of 0.32% in 35 samples). The low ash contents might have resulted from 456 
the milling process, as the Chopin CD1 mill produces flour with small particle size (<180 µm) 457 
and lower bran content, than typical laboratory mills, which produce flour with particle size 458 
higher than 250 µm. The ash contents of the fractions were generally lower than those of 459 
commercial flour (~0.5%). However, it should be noted that the flour yields from the Chopin 460 
CD1 mill (50-60%) were also lower than those from commercial milling, which may 461 
approach 80%. 462 
 463 
No significant correlations were found between the grain yield and the TOT-AX and WE-AX 464 
contents. However, grain yield was negatively correlated with protein, and gluten contents, 465 
and WA, and positively correlated with the starch content. A positive relationship was also 466 
identified between grain yield and flour yield. This is in agreement with the generally 467 
accepted rule that higher yields are usually associated with lower grain quality. 468 
 469 
The physical properties of the seed and grain yield are also important properties for variety 470 
registration. The TWs and TKWs of the lines were appropriate for registration, being similar 471 
or higher than the parental controls. This is not surprising, as Yumai-34 also has good kernel 472 
characteristics. Although the lines had a small decrease in flour yield, this should not reflect 473 
the commercial performance where flour recovery is more effective, as noted above.  474 
 475 
The yields of several of the lines were also competitive with those of the official control 476 
varieties (Mv-Lucilla, Mulan and Mv-Nádor), with three lines having yields acceptable for 477 
registration. Mambo/Yumai-34 line 1 has large kernels and high flour yield but a softer than 478 
average kernel type. However, its processing quality is only moderate, with GI=70, 10 min 479 
dough stability and Zeleny sedimentation 40 ml. Ukrainka/Yumai-34 lines 3 and 4 have 480 
smaller but harder kernels with average flour yield. Although protein (~11.5%) and gluten 481 
(~26%) contents were rather low, these lines had high GI (~95) and Zeleny sedimentation 482 
(~35 ml) values and a minimum of 10 min dough stability. Taking into account the variation 483 
in environmental conditions, 2013-2014 having higher than average temperatures and a rainy 484 
period before harvest, and 2011-2012 being rather dry with extreme temperatures in winter 485 
and summer (-22.6, 37.6°C), the properties of these lines are promising and demonstrate that 486 
increased fiber content can be combined with high yields and good processing properties. 487 
 488 
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CONCLUSIONS 489 
 490 
It was shown that it is possible to increase the contents of water-extractable and/or 491 
unextractable fiber in white flour without compromising grain yield and quality, by using 492 
traditional breeding to exploit genetic variation in bread wheat genotypes. The increases 493 
achieved (0.5% increase in WE-AX and 1.0% increase in TOT-AX on a flour dry weight 494 
basis) should be sufficient not only to provide health benefits, but also to have a positive 495 
effect on the processing quality of the flour. 496 
 497 
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Figure Captions 682 
 683 
Fig. 1 Mean values of physical properties, a. Test weight (TW) (g/100 liter L), b. Thousand-684 
kernel weight (TKW) (g), c. Flour yield (%), of 31 selected lines and controls (black) 685 
examined in 2013-2015  686 
 687 
Fig. 2 Mean compositional properties, a. Protein content (%), b. Gluten content (%), c. Starch 688 
content (%), d. Total-arabinoxylan content (TOT-AX) (mg/g), e. Water-extractable 689 
arabinoxylan content (WE-AX) (mg/g), of 31 selected lines and controls examined in 2013-690 
2015  691 
 692 
Fig. 3 Comparison of a. Total-arabinoxylan content (TOTAX) (mg/g) and b. Water-693 
extractable arabinoxylan content (WEAX) measured spectrophotometrically (SP) and by gas-694 
chromatography (GC), and c. ratio of arabinose and xylose in TOTAX and WEAX measured 695 
by GC (means from 2014 and 2015) 696 
 697 
Fig. 4 Mean breadmaking properties, a. Gluten Index (GI), b. Zeleny sedimentation (ml), c. 698 
Dough stability (min), and d. Water absorption (%), of 31 selected lines and controls 699 
examined in 2013-2015 700 
 701 
Fig. 5 Principal component analyses based on the physical, compositional, and breadmaking 702 
properties of the breeding lines (2013-2015 average) (AX - arabinoxylan, DevTime - dough 703 
development time, FY - flour yield, GI - gluten index, HunQN - Hungarian Farinograph 704 
quality number, Prot - Kjeldahl protein content, Stability - Farinograph dough stability, TKW 705 
– thousand-kernel weight, TOT - total, TW - test weight, Wabs - Farinograph flour water 706 
absorption, WE - water-extractable, Zeleny - Zeleny sedimentation. 707 
 708 





Supplementary Table 1. Main growing conditions in different years of the experiment 
(Martonvásár, 2012-2014) 
 Growing conditions 2011/2012 2012/2013 2013/2014 
Lo
ca
tio
n Geographic coordinates 
 47.3N, 18.8E 
Altitude 
 115 m 
W
ea
th
er
 c
on
di
tio
ns
 
in
 th
e 
gr
ow
in
g 
se
as
on
 
Total precipitation (mm) 217.2 387.5 330.5 
Precipitation in the last 100 days (mm) 129.6 122.5 185.4 
Maximum temperature (oC) 37.6 35.1 33.8 
Minimum temperature (oC) -22.6 -13.0 -11.8 
Average temperature (oC) 8.4 8.0 9.76 
Average temperature  in the last 100 days (oC) 16.8 16.3 16.6 
So
il 
pa
ra
m
et
er
s 
Soil type Chernozem 
pH (KCl) 7.25 
Humus (m/m %) 2.8 
P2O5 (mg/kg) 210 
K2O (mg/kg) 210 
Yearly average N input as  
NPK combined fertilizer 
(active ingredients, kg/ha) 
120 
G
ro
w
in
g 
pa
ra
m
et
er
s Previous crop  Oilseed rape Oilseed radish Oilseed radish
Sowing density 
 550 seeds/m
2 
Growing period (days) 
 260 271 268 
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Supplementary Table 2. Pairwise comparison of yields of high AX lines and control varieties 
 
(I) Genotype (J) Genotype Mean difference (I-J) Std. error Sig. 
95% Confidence interval 
Lower Boundary Upper Boundary 
Mv-Nádor UK/YU_6 0.93833 0.33179 0.375 -0.3186 2.1953 
 UK/YU_7 0.87667 0.33179 0.494 -0.3803 2.1336 
 UK/YU_3 0.24167 0.33179 1.000 -1.0153 1.4986 
 UK/YU_4 0.31333 0.33179 1.000 -0.9436 1.5703 
 UK/YU_8 0.86167 0.33179 0.524 -0.3953 2.1186 
 LU/YU_11 0.63667 0.33179 0.914 -0.6203 1.8936 
 LU/YU_5 1.06000 0.33179 0.193 -0.1969 2.3169 
 LU/YU_7 1.95833* 0.33179 0.000 0.7014 3.2153 
 LU/YU_10 1.98833* 0.33179 0.000 0.7314 3.2453 
 LU/YU_8 1.78333* 0.33179 0.001 0.5264 3.0403 
 LU/YU_4 1.51500* 0.33179 0.006 0.2581 2.7719 
 MA/YU_1 0.19500 0.33179 1.000 -1.0619 1.4519 
 UK/YU_15 0.83167 0.33179 0.586 -0.4253 2.0886 
 LU/YU_6 0.60833 0.33179 0.941 -0.6486 1.8653 
Mv-Lucilla UK/YU_6 1.33333* 0.33179 0.028 0.0764 2.5903 
 UK/YU_7 1.27167* 0.33179 0.045 0.0147 2.5286 
 UK/YU_3 0.63667 0.33179 0.914 -0.6203 1.8936 
 UK/YU_4 0.70833 0.33179 0.820 -0.5486 1.9653 
 UK/YU_8 1.25667 0.33179 0.050 -0.0003 2.5136 
 LU/YU_11 1.03167 0.33179 0.228 -0.2253 2.2886 
 LU/YU_5 1.45500* 0.33179 0.010 0.1981 2.7119 
 LU/YU_7 2.35333* 0.33179 0.000 1.0964 3.6103 
 LU/YU_10 2.38333* 0.33179 0.000 1.1264 3.6403 
 LU/YU_8 2.17833* 0.33179 0.000 0.9214 3.4353 
 LU/YU_4 1.91000* 0.33179 0.000 0.6531 3.1669 
 MA/YU_1 0.59000 0.33179 0.954 -0.6669 1.8469 
 UK/YU_15 1.22667 0.33179 0.063 -0.0303 2.4836 
 LU/YU_6 1.00333 0.33179 0.268 -0.2536 2.2603 
Mulan UK/YU_6 1.30667* 0.33179 0.034 0.0497 2.5636 
 UK/YU_7 1.24500 0.33179 0.055 -0.0119 2.5019 
 UK/YU_3 0.61000 0.33179 0.939 -0.6469 1.8669 
 UK/YU_4 0.68167 0.33179 0.860 -0.5753 1.9386 
 UK/YU_8 1.23000 0.33179 0.061 -0.0269 2.4869 
 LU/YU_11 1.00500 0.33179 0.266 -0.2519 2.2619 
 LU/YU_5 1.42833* 0.33179 0.013 0.1714 2.6853 
 LU/YU_7 2.32667* 0.33179 0.000 1.0697 3.5836 
 LU/YU_10 2.35667* 0.33179 0.000 1.0997 3.6136 
 LU/YU_8 2.15167* 0.33179 0.000 0.8947 3.4086 
 LU/YU_4 1.88333* 0.33179 0.000 0.6264 3.1403 
 MA/YU_1 0.56333 0.33179 0.970 -0.6936 1.8203 
 UK/YU_15 1.20000 0.33179 0.076 -0.0569 2.4569 
 LU/YU_6 0.97667 0.33179 0.309 -0.2803 2.2336 
Lupus UK/YU_6 0.21167 0.33179 1.000 -1.0453 1.4686 
 UK/YU_7 0.15000 0.33179 1.000 -1.1069 1.4069 
 UK/YU_3 -0.48500 0.33179 0.993 -1.7419 0.7719 
 UK/YU_4 -0.41333 0.33179 0.999 -1.6703 0.8436 
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 UK/YU_8 0.13500 0.33179 1.000 -1.1219 1.3919 
 LU/YU_11 -0.09000 0.33179 1.000 -1.3469 1.1669 
 LU/YU_5 0.33333 0.33179 1.000 -0.9236 1.5903 
 LU/YU_7 1.23167 0.33179 0.060 -0.0253 2.4886 
 LU/YU_10 1.26167* 0.33179 0.048 0.0047 2.5186 
 LU/YU_8 1.05667 0.33179 0.197 -0.2003 2.3136 
 LU/YU_4 0.78833 0.33179 0.674 -0.4686 2.0453 
 MA/YU_1 -0.53167 0.33179 0.983 -1.7886 0.7253 
 UK/YU_15 0.10500 0.33179 1.000 -1.1519 1.3619 
 LU/YU_6 -0.11833 0.33179 1.000 -1.3753 1.1386 
Yumai-34 UK/YU_6 -0.86833 0.33179 0.511 -2.1253 0.3886 
 UK/YU_7 -0.93000 0.33179 0.390 -2.1869 0.3269 
 UK/YU_3 -1.56500* 0.33179 0.004 -2.8219 -0.3081 
 UK/YU_4 -1.49333* 0.33179 0.007 -2.7503 -0.2364 
 UK/YU_8 -0.94500 0.33179 0.363 -2.2019 0.3119 
 LU/YU_11 -1.17000 0.33179 0.094 -2.4269 0.0869 
 LU/YU_5 -0.74667 0.33179 0.754 -2.0036 0.5103 
 LU/YU_7 0.15167 0.33179 1.000 -1.1053 1.4086 
 LU/YU_10 0.18167 0.33179 1.000 -1.0753 1.4386 
 LU/YU_8 -0.02333 0.33179 1.000 -1.2803 1.2336 
 LU/YU_4 -0.29167 0.33179 1.000 -1.5486 0.9653 
 MA/YU_1 -1.61167* 0.33179 0.003 -2.8686 -0.3547 
 UK/YU_15 -0.97500 0.33179 0.312 -2.2319 0.2819 
 LU/YU_6 -1.19833 0.33179 0.077 -2.4553 0.0586 
Ukrainka UK/YU_6 0.59167 0.33179 0.953 -0.6653 1.8486 
 UK/YU_7 0.53000 0.33179 0.983 -0.7269 1.7869 
 UK/YU_3 -0.10500 0.33179 1.000 -1.3619 1.1519 
 UK/YU_4 -0.03333 0.33179 1.000 -1.2903 1.2236 
 UK/YU_8 0.51500 0.33179 0.988 -0.7419 1.7719 
 LU/YU_11 0.29000 0.33179 1.000 -0.9669 1.5469 
 LU/YU_5 0.71333 0.33179 0.812 -0.5436 1.9703 
 LU/YU_7 1.61167* 0.33179 0.003 0.3547 2.8686 
 LU/YU_10 1.64167* 0.33179 0.002 0.3847 2.8986 
 LU/YU_8 1.43667* 0.33179 0.012 0.1797 2.6936 
 LU/YU_4 1.16833 0.33179 0.095 -0.0886 2.4253 
 MA/YU_1 -0.15167 0.33179 1.000 -1.4086 1.1053 
 UK/YU_15 0.48500 0.33179 0.993 -0.7719 1.7419 
 LU/YU_6 0.26167 0.33179 1.000 -0.9953 1.5186 
* Mean difference is significant at P = 0.05 
Varieties Mv-Nádor, Mv-Lucilla and Mulan were yield controls in recent national trials  
 
Summary Table: 
 Mv-Nádor Mv-Lucilla Mulan Lupus Yumai-34 Ukrainka 
UK/YU_6  * *    
UK/YU_7  *     
UK/YU_3     *  
UK/YU_4     *  
UK/YU_8       
LU/YU_11       
LU/YU_5  * *    
LU/YU_7 * * *   * 
LU/YU_10 * * * *  * 
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LU/YU_8 * * *   * 
LU/YU_4 * * *    
MA/YU_1     *  
UK/YU_15       
*Yield was significantly different at P = 0.05  
 
Table 1. Correlation of arabinoxylan content with physical, compositional and breadmaking properties of wheat breeding lines (2013-2015) 
 TOT-AX WE-AX TW TKW Flour yield Protein Gluten GI Zeleny DevTime Stability Softening WA QN Starch SD+ HI+ Ash+ 
TOT-AX 1                  
WE-AX 0.586*** 1                 
TW -0.531*** n.s. 1                
TKW n.s. n.s. n.s. 1               
Flour 
yield 
-0.456** -0.401* n.s. 0.341* 1              
Protein n.s. n.s. n.s. n.s. n.s. 1             
Gluten 0.368* n.s. n.s. n.s. n.s. 0.931*** 1            
GI n.s. n.s. n.s. -0.654*** n.s. n.s. n.s. 1           
Zeleny n.s. n.s. n.s. n.s. n.s. 0.588*** 0.468** n.s. 1          
DevTime n.s. n.s. n.s. -0.464** n.s. 0.502** n.s. 0.647*** 0.409* 1         
Stability n.s. n.s. n.s. -0.355* n.s. -0.379* -0.476** 0.437** -0.328* n.s. 1        
Softening n.s. n.s. n.s. 0.523*** n.s. -0.446** n.s. -0.706*** n.s. -0.857*** n.s. 1       
WA 0.486** n.s. n.s. n.s. n.s. 0.846*** 0.878*** n.s. 0.421** 0.442** -0.428** n.s. 1      
QN n.s. n.s. n.s. -0.504** n.s. 0.428** n.s. 0.707*** 0.329* 0.951*** n.s. -0.941*** 0.341* 1     
Starch -0.537*** n.s. n.s n.s. n.s. -0.502** -0.527*** n.s. n.s. n.s. n.s. n.s. -0.590*** n.s. 1    
SD+ n.s. -0.503** n.s. n.s. -0.635*** n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 1   
HI+ n.s. n.s. n.s. n.s. -0.690*** 0.363* 0.398* n.s. n.s. n.s. n.s. n.s. 0.621*** n.s. n.s. 0.485** 1  
Ash+ n.s. n.s. -0.337* n.s. -0.522*** n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.367* n.s. -0.440** n.s. n.s. 1 
Grain 
yield $ 
n.s. n.s. n.s. n.s. 0.613* -0.626** -0.609* n.s. n.s. n.s. n.s. n.s. -0.560* n.s. 0.434** n.s. n.s. n.s. 
r5%=0.3246*, r1%=0.4182**, r0.1%=0.5189, n=35, n.s.- not significant, AX- arabinoxylan, DevTime-  dough development time, GI- gluten index, HI- hardness index, QN- 
Hungarian Farinograph quality number , SD- starch damage, Softening- Farinograph dough softening, Stability- Farinograph dough stability, TOT- total, TKW- thousand- 
kernel weight, TW- test weight,  WA- Farinograph flour water absorption, WE- water-extractable, Zeleny- Zeleny sedimentation. 
+ data from 2015, 35 samples, where r5%=0.3246*, r1%=0.4182**, r0.1%=0.5189, n=351 
$ data from 2015, 14 samples, where r5%=0.4973*, r1%=0.6226**, r0.1%=0.7420, n=14 
 
